1. Introduction {#sec1}
===============

Pancreatic adenocarcinoma (PDAC) represents less than 2% of all cancer but is the 4th leading cause of cancer death in the United States with 5-year survival rates less than 5% for all stages combined \[[@bib1]\]. Roughly 80% of PDAC presents with metastatic disease or are otherwise unresectable. Patients eligible for surgery have the best prognosis, and in these cases, inclusion of neoadjuvant therapy offers the best overall survival \[[@bib2],[@bib3]\]. Despite decades of basic science research and clinical trials, PDAC has shown the least improvement in survival among common cancers.

A major area of focus for basic research and novel therapeutics is the PDAC stroma. Evolving concepts include the stroma as a hydrostatic barrier to chemotherapy, the growth signaling of benign stromal cells to malignant PDAC cells, and the role of stromal extracellular matrix (ECM) turnover in PDAC invasion and metastasis \[[@bib4]\]. A distinctive, nearly invariant histologic feature of PDAC is an abundant desmoplastic stromal reaction. Formation of the desmoplastic stroma likely represents a host defense mechanism to attenuate neoplastic transformation and metastasis \[[@bib5]\]. In this sense, the desmoplastic reaction is akin to wound healing and tissue regeneration following injury. The protein SPARC stands out in as a key stromal component regulating the interaction between malignant cells and the stroma in many cancer types including PDAC \[[@bib6],[@bib7]\].

SPARC, also known as osteonectin and BM-40, is an extracellular matrix protein mainly secreted by fibroblasts and osteoblasts \[[@bib8],[@bib9]\]. Expression of SPARC is upregulated in tumors of the breast, lung, melanoma, prostate and pancreas \[[@bib10]\]. In PDAC, SPARC is a stromal protein expressed mainly by cancer-associated fibroblasts where it localizes adjacent to malignant ducts, particularly in areas of fibrosis \[[@bib11]\]. Despite SPARC's role in wound healing and its anti-oncogenic functions, SPARC promotes oncogenesis via induction of epithelial-to-mesenchymal transition (EMT) and down-regulation of inflammatory response and immune surveillance \[[@bib12]\].

The prognostic significance of SPARC expression in PDAC has largely been determined in adjuvant-treated patients undergoing pancreatectomy with curative intention. In general, nearly all studies evaluating SPARC expression utilize immunohistochemistry and rely on SPARC intensity to determine relative expression levels. In general, high expression is associated with worse survival \[[@bib13], [@bib14], [@bib15], [@bib16]\]. Furthermore, the negative prognostic value of SPARC has been specifically associated to patients who received adjuvant therapy with gemcitabine suggesting that SPARC is a negative predictive marker for gemcitabine-based adjuvant therapy \[[@bib17]\]. SPARC expression shows no significant association with prognosis in advanced, unresected PDAC \[[@bib18],[@bib19]\] indicating that the prognostic value of SPARC changes in the metastatic setting. Preclinical studies investigating the role of SPARC in a Kras^G12D^ mouse model of PDAC demonstrated no changes in progression from pancreatic intraepithelial neoplasia (PanIN) to PDAC progression, vascularity, proliferation, apoptosis rate, or metastatic frequency in animals deficient for SPARC \[[@bib20]\]. Furthermore, gemcatibine accumulation and metabolism was also unaffected by SPARC ablation suggesting increased SPARC and ECM accumulation in PDAC is not a barrier to drug delivery.

The phase III MPACT trial demonstrated that gemcitabine together with nab-paclitaxel, the albumin-bound formula of paclitaxel that alters microtubules assembly and impairs mitosis, provides superior survival compared to gemcitabine alone in unresected, metastatic PDAC. SPARC has a high affinity for albumin, and based upon its distribution in PDAC, SPARC overexpression would conceivably enrich the concentration of nab-paclitaxel and enhance its delivery to the tumor environment. Despite a potential role as a positive predictive biomarker for nab-paclitaxel, both preclinical data in mouse models \[[@bib21]\] and an exploratory analysis of the MPACT trial \[[@bib18]\] demonstrate that SPARC plays no role in either the delivery of nab-paclitaxel to tumor cells or predicting response to nab-paclitaxel in unresected, metastatic PDAC.

To date, little is known regarding either the benefit of adjuvant nab-paclitaxel therapy in resectable PDAC following neoadjuvant chemoradiation therapy or the prognostic value of SPARC in this setting. Since neoadjuvant therapy contributes to stromal desmoplasia in PDAC, we hypothesized that neoadjuvant-treated PDAC would exhibit higher levels of SPARC expression than treatment-naïve PDACs. If neoadjuvant therapy further upregulates SPARC expression in patients with resectable PDAC, it is plausible that these patients become sensitized to nab-paclitaxel-based adjuvant treatment. As an initial exploration of this concept, we utilized quantitative digital analysis to compare the levels of SPARC expression in neoadjuvant and treatment naïve resected PDAC.

2. Methods {#sec2}
==========

2.1. Patients and patient samples {#sec2.1}
---------------------------------

Cases were identified from the pathology department's clinical database by using appropriate search terms. Pathology reports were reviewed, and H&E slides were examined to identify cases suitable for subsequent analysis. From this, 169 cases of pancreatic adenocarcinoma were selected for analysis. 74 (44%) cases had received neoadjuvant chemotherapy and 95 (56%) were treatment naïve. 60 of 74 (81%) neoadjuvant and 87 of 95 (92%) naïve samples had a paired specimen of histologically normal pancreas available for comparative analysis. When possible, patient demographic and histopathological data was obtained. [Table 1](#tbl1){ref-type="table"} summarizes the clinicohistopathological features of the patients analyzed in this study. Neoadjuvant therapy consisted of chemotherapy and/or radiation therapy, and the specific therapeutic regimen was not available for each patient, although a large number of patients received either 5-fluorouracil or gemcitabine. Paraffin blocks from 153 of these cases were used to create 12 tissue microarrays (TMA). The remaining 16 cases were analyzed as individual slides. 1 ​mm diameter cores were taken from areas of tumor and, when possible, adjacent normal pancreas. For the majority of cases, 4 to 6 cores from tumor areas and from adjacent normal pancreas were placed onto the TMAs. A protocol to perform this study was approved by the Medical College of Wisconsin Internal Review Board (protocol number PRO15825).Table 1Demographic and Histopathological Features of the Patients Analyzed in this Study.Table 1CohortTreatment NaïveNeoadjuavnt TreatedCases (n)9574Average Age, years (range)67.2 (37--90)65.3 (40--88)Gender[a](#tbl1fna){ref-type="table-fn"}Male5130Female3444Anatomical SiteHead6621Neck00Body40Tail71Metastatic43No Data1449HistologyAdenocarcinoma8071Mucinous variant40Clear cell variant10Anaplastic01No Data102GradeGrade 1155Grade 24143Grade 3267No Data1319AJCC StageIA39IB622IIA1319IIB5419III01IV13No Data181[^1]

2.2. Immunohistochemistry {#sec2.2}
-------------------------

TMA slides were stained with mouse anti-human SPARC antibody (Cat MAB3498, Clone 15G12, Abnova) on a DAKO Autostainer Plus instrument. Detection was performed using Envision FLEX High pH kit (Cat K8010, DAKO).

2.3. Digital analysis of SPARC expression {#sec2.3}
-----------------------------------------

*ACIS III.* Stained slides were labeled with barcodes and scanned on the Automated Computerized Imaging System III (ACIS III) (DAKO). Each scanned image from individual TMA slides was reviewed to ensure it was appropriate for subsequent analysis. Slides with out of focus spot(s), dust, or other obstacles were re-scanned or restained as necessary. Each entire core on the TMA was analyzed. ACIS software collects individual, overlapping images at 400X and then tiles these images to create a montage of the entire scanned tissue specimen. The software evaluates each individual 400X image and combines the results into an aggregate quantitative measurement corresponding to the entire tissue specimen. The ACIS system measures the intensity of the staining based on three related color parameters: the color defined by hue, the "darkness" defined as luminosity, and the density of the color defined as saturation. Cores with the strongest intensity of brown staining were identified and used to set the high threshold for the brown color, and regions that demonstrated minimal SPARC immunoreactivity were used to set the low threshold for the brown color. Nuclear hematoxylin blue staining was used to set the high threshold for the blue color. These thresholds were kept constant for all analyses. An experienced user-pathologist (ACM) programmed the ACIS software for the analysis by setting the color-specific thresholds to determine and calculate the ratio of positively stained tissues to the entire area of selection \[[@bib22],[@bib23]\]. This was used to determine the approximate percentage of positive SPARC staining tissue in each specimen. The percentage of SPARC positive tissue and the intensity of SPARC were measured independently in each core. Obvious artefacts including tissue folding, edge effect, nonspecific chemical precipitation, and dust or debris artefacts were excluded by masking these regions using the ACIS III software. *Visiomorph.* Two SPARC-stained TMA slides were scanned on a Nanozoomer (Hamamatsu Photonics, Japan) and NDPI image files were created (Nanozoomer image format). Images were analyzed using Visiomorph DP in the Visiomorph Integrator System (Visiopharm, Denmark) to determine percent SPARC expression for each core on the TMAs. For both methods, the percent of SPARC positive tissue and the intensity of SPARC staining were determined by computing the average value of these metrics for all the cores representing tumor or adjacent normal tissue for each patient sample to avoid pseudo-replication of values. The average value was plotted.

2.4. Assessment of tumor response to neoadjuvant therapy {#sec2.4}
--------------------------------------------------------

The effects of chemoradiation were determined histologically using two independent systems by two expert gastrointestinal pathologist (D.R., K.O.). Briefly, the system described by Evans et al. \[[@bib24]\] consists of a 4-tiered grading scheme that assess the percentage of viable cells: Grade I represents little to no tumor response (\<10%), Grade II is subdivided into Grade IIa (10%--50% tumor response) and Grade IIb (50%--90% tumor response), Grade III (\>90% tumor response), and Grade IV (no tumor cells identified) represent a spectrum of tumor response to neoadjuvant therapy. Necrosis is not interpreted as evidence of tumor response in this system. Hartman et al. \[[@bib25]\] describe a 3-tiered system, which is based in part on the scheme recommended by the College of American Pathologist \[[@bib26]\] and integrates some elements of the Evans system: grade 1 (marked response), grade 2 (minimal to moderate response) and grade 3 (poor response).

2.5. Statistics {#sec2.5}
---------------

Two-tail paired or unpaired Student t-Test was used to compare the means among different groups. Two-tailed nonparametric, Mann-Whitney Test or Kruskal-Wallis Test were used for the pooled data analysis. Wilcoxon matched-pair signed rank test for the paired data were used. *P* ​\< ​0.05 is significant.

3. Results {#sec3}
==========

3.1. Digital image analysis for quantitative SPARC expression {#sec3.1}
-------------------------------------------------------------

SPARC expression was analyzed in PDAC by IHC using TMAs containing 1 ​mm cores. Small, patchy SPARC staining is observed by acinar structures and ducts in normal pancreas ([Figure 1](#fig1){ref-type="fig"}A and B). In PDAC, uniformly intense SPARC expression is associated with cancer associated fibroblasts in the dense fibrous stroma ([Figure 1](#fig1){ref-type="fig"}C and D). SPARC is particularly enriched around glands in a pattern that outlines the malignant growth pattern. SPARC is conspicuously absent from both benign and malignant pancreatic epithelium with only rare and sporadic SPARC expression observed in malignant pancreatic glands. SPARC expression in PDAC was quantified using automated image analysis (ACIS III, DAKO, Carpinteria, CA) that determined both the percentage of SPARC-positive tissue and the intensity of the SPARC staining ([Fig. 2](#fig2){ref-type="fig"}). The percent of SPARC-positive tissue ranged from 1.9 to 85.4%, and the intensity of SPARC staining ranged from 68.5 to 100.7 (arbitrary units). To test the validity of these findings, 57 cases were reanalyzed using a different digital imaging system (Visiomorph, Visiopharm, Hoersholm, Denmark). A strong correlation of the percent of SPARC-positive tissue was observed (Pearson r ​= ​0.863; p ​\< ​0.001) ([Fig. 3](#fig3){ref-type="fig"}). This data indicates that assessing the percent of SPARC-positive PDAC provides a wider dynamic range than assessing the intensity of SPARC staining, and this measurement is reproducible across independent image analysis systems. Therefore, we evaluated SPARC expression by determining the percent of SPARC-positive PDAC using quantitative image analysis.Fig. 1SPARC expression in treatment-naïve and neoadjuvant treated resected PDAC. (A) Non-malignant, treatment naïve pancreatic tissue stained with SPARC antibody. (B) Non-malignant pancreatic tissue stained with SPARC antibody from a patient who received neo-adjuvant chemoradiation therapy. (C) PDAC stained with SPARC antibody. The tumor is from the same patient shown in panel A who did not receive any neoadjuvant therapy. (D) Neoadjuvant treated PDAC from same patient that is shown in panel B stained with the SPARC antibody. The insert in each panel is an H&E from the corresponding patient.Fig. 1Fig. 2Quantification of SPARC Expression by Digital Image Analysis. Bar graph of SPARC intensity (left vertical axis) and percent SPARC intensity (right vertical axis) for 21 cases of PDAC stained on a TMA.Fig. 2Fig. 3Correlation of percent SPARC expression determined by two independent digital imaging systems. Percent SPARC expression determined by the Visiomorph and the ACIS III digital imaging systems are plotted on the Y and X axes, respectively. The correlation coefficient (R-squared) is shown.Fig. 3

3.2. SPARC is upregulated in PDAC {#sec3.2}
---------------------------------

We examined the change in SPARC expression in PDAC by comparing SPARC levels in paired tumor-normal tissue cores. In areas of histologically normal pancreas, the median percent of SPARC-positive tissue was 9.4% in treatment naïve PDAC and 11% in neoadjuvant-treated PDAC. In 60 PDAC cases receiving neoadjuvant chemoradiation therapy, 58 (97%) demonstrated an increase in SPARC expression. In treatment naïve PDAC, SPARC expression increased in a smaller proportion of cases with 72 (83%) demonstrating increased SPARC expression ([Fig. 4](#fig4){ref-type="fig"}). Examination of SPARC levels indicate that SPARC expression is significantly higher in neoadjuvant PDAC (47.3% median SPARC expression) compared with treatment-naïve PDAC (30.8% median SPARC expression; p ​= ​0.0002) ([Fig. 5](#fig5){ref-type="fig"}). These findings demonstrate SPARC expression increased 4.4-fold and 3.3-fold in neoadjuvant and treatment naïve PDAC, respectively, relative to adjacent, nonmalignant pancreas. Furthermore, SPARC expression is approximately 1.5 fold greater in neoadjuvant-treated PDAC than in treatment naïve PDAC.Fig. 4SPARC is upregulated in PDAC relative to paired normal pancreatic ducts. SPARC expression in paired normal and tumor samples from treatment-naïve (left) and neoadjuvant (right) PDAC. Hatched lines connect the normal and malignant SPARC expression values for each case. Values on horizontal axis represent median percent observed for each group. The p-value refers to the mean comparison for each cohort.Fig. 4Fig. 5SPARC expression is enhanced in neoadjuvant-treated PDAC. Quantitative expression of SPARC is plotted in scatter plots for 169 cases of PDAC. 95 cases were treatment naïve and 74 cases received neoadjuvant chemoradiation prior to resection. Many of the cases of PDAC had paired histologically normal appearing pancreatic tissue that could also be analyzed. Bars indicate median of each group with values shown on the top, as well as p value for comparison of treatment-naïve with adjuvant treated PDAC.Fig. 5

3.3. SPARC expression does not correlate with PDAC stage or response to neoadjuvant therapy {#sec3.3}
-------------------------------------------------------------------------------------------

Increase in SPARC expression did not correlate with tumor stage in either the neoadjuvant or treatment naive cohorts (p ​= ​0.7752 and p ​= ​0.1396, respectively). Neoadjuvant therapy is frequently associated with a robust tumor response characterized by a loss of neoplastic cells and reduction in tumor volume. Therefore in neoadjuvant treated PDAC, it is possible that SPARC expression remains constant, and the tumor simply shrinks. This in turn would give the appearance of increased SPARC expression when instead SPARC expression per unit of starting area is actually constant. To address this, we determined tumor response to neoadjuvant therapy using two independent methods of assessment and correlated this change to SPARC expression ([Fig. 6](#fig6){ref-type="fig"}). Using either assessment system, SPARC expression is independent of tumor response to neoadjuvant therapy indicating that the observed increase in SPARC expression does not reflect a decrease in tumor volume but rather reflects an increase in SPARC-positive stromal cells. Another consideration is that lower stage tumors have less area to retract due to their smaller size resulting in less tumor fibrosis. In turn, lower stage PDAC may appear to have less SPARC expression and/or less response to therapy relative to a high stage PDAC, and both of these could potentially contribute to an overlap of these cases in either the Evans or CAP groups. To examine this possibility, we correlated the tumor response score for both the Evans and CAP scoring systems with tumor stage and did not find a significant correlation (p ​= ​0.1802 and p ​= ​0.376, respectively).Fig. 6SPARC expression is independent of PDAC response to neoadjuvant therapy. Grade refers to the extent of tumor response to neoadjuvant therapy based on the Evans grading system (panel A) or CAP tumor response system (panel B). SPARC expression and tumor response grades show no correlation.Fig. 6

3.4. Prognostic value of SPARC expression in PDAC {#sec3.4}
-------------------------------------------------

In our cohort we observed improved overall survival in the neoadjuvant treated cohort (34.1 months) compared to the treatment naïve group (21 months) \[[@bib3]\], however, using various cutoffs for SPARC expression, increased SPARC expression was not associated with overall survival in either the neoadjuvant or treatment naïve cohorts.

4. Conclusion {#sec4}
=============

4.1. Measuring the percent of SPARC expression in tumor stroma provides greater dynamic range {#sec4.1}
---------------------------------------------------------------------------------------------

The use of different scoring systems for immunohistochemistry for SPARC in PDAC stroma, based on intensity and/or percentage of expression has complicated the investigation of this biomarker. We have shown that the SPARC clone 15G12 is highly specific to the stroma, and measuring the percent SPARC-positive tissue provides greater dynamic range than measuring intensity. Our findings reveal a potential drawback with the use of intensity in a variety of other reports, where in some studies, it was the only metric to determine the level of SPARC expression in tumor stroma \[[@bib17]\]. Our method, like that of Sinn et al., reveals a majority of PDAC cases demonstrate moderate to strong intensity of stromal staining, forcing a binary cut off at the strong end of the staining spectrum and thereby obscuring the more dynamic range available in the extent of tumor staining. Further, a majority of studies choose an arbitrary binary cutoff for SPARC expression rather than exploiting the opportunity to analyze expression as a continuous variable, as permitted with automated systems. Although digital image analysis systems provide advantages for quantifying biomarker expression, they are not without drawbacks and limitations for routine utilization. Some of these include: requirement for specialized equipment, delayed turnaround times, and the need to establish and validate thresholds for meaningful, clinically relevant interpretation of SPARC expression.

4.2. SPARC expression is greater in neoadjuvant treated compared to treatment-naïve PDAC {#sec4.2}
----------------------------------------------------------------------------------------

PDAC cohorts studied for stromal SPARC expression have included both neoadjuvant treated and treatment-naïve patients, but none have compared the treatment groups for differences in SPARC expression, despite the common observation that stromal fibrosis is increased in neoadjuvant-treated PDACs. Pursuing this anecdotal difference in stromal fibrosis, we found support for our hypothesis that SPARC expression is increased in neoadjuvant-treated PDAC. To our knowledge this is a novel finding.

A limitation of this study is that it was not designed to investigate the mechanism for the relative increase in SPARC expression observed in the neoadjuvant cohort. A common tumor response to neoadjuvant therapy is the reduction in tumor volume due to loss of tumor cells along with stromal remodeling leading to the frequent observation of rare malignant glands entrapped in densely fibrotic stroma at the time of resection. The apparent relative increase in SPARC expression that we observe in the neoadjuvant-treated PDAC cohort may reflect this effect as a passive accumulation of SPARC due to an increased shift in SPARC-positive stroma to SPARC-negative epithelium in neoadjuvant PDAC. SPARC expression was measured similarly as a percentage of precisely defined area of PDAC (0.785 ​mm^2^) in both PDAC cohorts allowing a relative comparison between neoadjuvant and treatment naïve PDAC. If increased SPARC expression reflects decreased tumor volume, then we would expect to see SPARC expression increase proportionally with tumor response to neoadjuvant therapy, and this was not observed.

We support the model that SPARC expression is upregulated in response to neoadjuvant therapy-associated tissue damage and subsequent remodeling and repair \[[@bib27], [@bib28], [@bib29]\]. PDAC is responsible for the initial increase in SPARC, and enhanced SPARC seen in the neoadjuvant cohort is likely secondary to additional tissue injury caused by the chemoradiation received prior to resection. In essence, the neoadjuvant cohort shows "super enhanced" SPARC due to neoadjuvant-associated tissue injury superimposed on generalized PDAC-associated increased SPARC. We would therefore expect to see increased SPARC in settings of other causes of chronic inflammation, such as chronic pancreatitis \[[@bib30],[@bib31]\]. In support of this, high expression of SPARC is seen in acinar structures in the Winstar-Bonn/Kobori rat model of chronic pancreatitis \[[@bib32]\]. Analysis of human chronic pancreatitis demonstrates increased SPARC in acinar cells during early phases of inflammation \[[@bib32]\]. In PDAC, we observe SPARC expression restricted to the tumor stroma and little to no acinar localization. Taken together, these findings along with our results support the concept that SPARC expression correlates with tissue injury, however the pattern and distribution of SPARC expression depends upon the disease context.

4.3. SPARC is expressed nearly exclusively in PDAC stroma {#sec4.3}
---------------------------------------------------------

We find that SPARC is nearly exclusively expressed in tumor stroma rather than in the normal or tumor epithelium, which is inconsistent with previous reports that document cytoplasmic staining of malignant epithelial cells \[[@bib17],[@bib18]\]. Hidalgo, et al., used a different antibody (ON1-1 monoclonal mouse antibody, Invitrogen, Camarillo, California) than us. The faint cytoplasmic SPARC staining observed by Sinn, et al., in tumor epithelium occurring in a minority of cases may be non-specific background staining as the 15G12 monoclonal mouse was obtained from a different vendor (Novocastra, Wetzlar, Germany). As well, the lack of tumor cytoplasmic staining in our cases could be attributed to a variety of methodological differences such as variation in antigen retrieval methods \[[@bib32]\]. Notwithstanding this difference, we confirm the prior finding that SPARC is upregulated in tumor stroma compared to paired normal tissue \[[@bib33]\].

4.4. Neoadjuvant therapy might sensitize PDAC for adjuvant nab-paclitaxel therapy {#sec4.4}
---------------------------------------------------------------------------------

Based on increased SPARC expression in the resected PDAC following neoadjuvant therapy, as demonstrated in our study, it is tempting to speculate whether neoadjuvant-treated PDAC might be sensitized to benefit from adjuvant nab-paclitaxel therapy following resection in the non-metastatic setting. Analysis of the largest multicenter trial of nab-paclitaxel and Gemcitabine versus Gemcitabine alone failed to demonstrate any association of SPARC expression in PDAC and efficacy of either therapy \[[@bib18]\]. Based on this, Hidalgo et al. recommend that treatment decisions regarding nab-paclitaxel should be not be based on SPARC IHC. However, these patients had previously untreated metastatic pancreatic cancer. Perhaps patients with non-metastatic, resectable PDAC receiving neoadjuvant therapy could derived additional benefit from nab-paclitaxel adjuvant therapy. In the neoadjuvant treated cohort of this study, we were unable to assess this prediction because very few patients received nab-paclitaxel in the adjuvant setting \[[@bib3]\]. As such, prospective studies of neoadjuvant-treated PDAC are needed to address whether SPARC IHC might predict nab-paclitaxel response in the adjuvant setting.
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[^1]: The treatment cohort of 10 patients (1 female, 9 males) is unknown.
